Abstract--A ferrous saponite (griffithite) from Griffith Park (California, USA) was treated with solutions of HC1 (0.62, 1.25 and 2.5% by weight) at 25~ for 2, 6, 24 and 48 hours. The resulting solids were characterized by XRD, FT-IR spectroscopy, thermal analyses, SEM, TEM and nitrogen adsorption isotherms at 77 K, showing the destruction of silicate structure by the treatments. The free silica generated by these treatments was digested and determined in all samples. Several samples had specific surface areas up to 250 m2/g, with maximum values which are 10 times higher than the surface area of natural saponite (35 m2/g). A sudden decrease in specific surface areas was observed when free silica was digested, which indicates that free silica makes a very important contribution to the surface area of leached samples.
INTRODUCTION
The physico-chemical properties of clay minerals are studied because of their influence on the potential adsorbing and/or catalytic properties of these minerals. The extent and nature of their external surface are probably the properties that most influence this behaviour. The acid treatments of clay minerals which modify their surfaces are usually called "activation treatments" if they produce an increase in the specific surface area and/or in the number of acid centres by disaggregation of clay particles, elimination of mineral impurities, removal of metal-exchange cations and proton exchange. Appropriate acid and thermal treatments increase the catalytic and adsorbing activity of some clay minerals but further and stronger treatments decrease this activity.
Saponite is one of the most important trioctahedral smectites, originating as a product of the hydrothermal alteration and weathering ofbasalts and ultramafic rocks (Velde 1985; de la CaUe and Suquet 1988) . Saponite has a negatively charged tetrahedral sheet, which resembles beidellite. This negative charge is partially balanced by the positive charge in the octahedral sheet; in this respect sapphire is more similar to vermiculite. In its ferrous variety a quantity of Fe(II, III) substitutes Mg(II) octahedric cations; this substitution acquires importance when the ratio Mg/Fe is greater than 5:1 (de la Calle and Suquet 1988) .
As indicated before, the structure of saponite is very similar to that of vermiculite. In a very pure Ca-saponite from Koz~ikov (Czechoslovakia), Suquet et al Copyright 9 1994 , The Clay Minerals Society (1975) found a monoclinic unit cell 5 x 9 A, 3 = 97-100 ~ and a basal spacing of 15/~. Deposits ofsaponite have recently been described (Post 1984; Gal~n et al 1986; Kodama et al 1988; April and Keller 1992) , and the adsorbent and catalytic properties of this silicate have been studied in recent years, with the finding that it has an excellent ability to form pillared clays (Watanabe and Sato 1988; Chevalier et al 1992; Schoonheydt and Leeman 1992; Usami et al 1992) .
Although much research has been carried out on the acid and thermal activations of the different clay minerals, certain aspects of their nature and mechanism remain unclear. Numerous papers about acid activation of montmorillonite (the principal silicate in the smectite group), sepiolite (a fibrous magnesic silicate), vermiculite and other silicates can be found in the literature (Lrpez Gonzfilez et al 1981; Mendioroz et al 1987; Cetisli and Gedikbey 1990; Suquet et al 1991; Pesquera et al 1992) . However, in spite of the growing interest in the study of saponite, no references to acid activation of this silicate have been found. Accordingly, we have studied the evolution of some properties of saponite when it is treated with HC1 over different ranges of acid concentration and time of treatment. These studies have been extended to the activated samples after removal of the free silica formed during the acid treatments.
EXPERIMENTAL
The clay mineral used in this work is a ferrous saponite of a variety called griffithite, present in the basicweathered rock from Griffith Park (California, USA), supplied by Minerals Unlimited (Ridgecrest, California) . This rock is made up, mainly, of anortite, and about 10% is saponite. The solid obtained by aqueous decantation of the original pulverized rock (<2 #m fraction) is heretofore designated as natural saponite. This sample is dark brown in color. Kaolinite, quartz and feldspars, in very low quantities, were observed as impurities.
The elemental analysis of the separated griffithite was carried out by plasma emission spectroscopy, using a Perkin-Elmer emission spectrometer, model Plasma II. Previously, the solid was digested under pressure, with a nitric-hydrofluoric acid mixture, in a PTFE autoclave.
The cation exchange capacity (CEC) of the griffithite was determined by measurement of the NH4 + cations on a Bouat apparatus, after treating the silicate with ammonium acetate. Results were obtained with a relative error of 2%.
Five grams of the clay were treated under mechanical stirring with 150 ml of 0.62, 1.25 and 2.5% wt. solutions (0.17, 0.34 and 0.68 mol.liter -1, respectively) of HC1, at 25~ for 2, 6, 24 and 48 hours. After the treatments, the resulting solids were washed until no chloride anions could be detected, dried at 500C and kept over H2SO4 solutions (R.H. = 35%).
A portion was taken from these solids and the free silica was digested following the method described by Ross and Hendricks (1945) . The free silica extracted was determined quantitatively by the reduced silicomolybdic complex formed (Chariot, 1956 ; modified by Pruden and King, 1969) , using an UV-VIS VarianTechtron, model 635 spectrophotometer. A silica standard solution (SIC14 in NaOH 5 mol.liter-1) from Merck (1.000 + 0.002 ppm) was used for calibrating the apparatus. The relative error of the obtained values is about 1%.
The X-ray diffractograms were obtained on a Siemens D-500 diffractometer using the Cu K, line Q, = 1.54050 ~). The equipment has a graphite monochromator (efficiency for Cu K~ line up to 90%) and a DACO-MP data station.
The FT-IR spectra were obtained in the region 4000-350 cm -1 on a Perkin-Elmer 1730 Infrared Fourier Transform Spectrometer, equipped with a 3700 data station, using the KBr pellet technique.
The thermal analyses were carded out on PerkinElmer analyzers, TGS-2 and 1700 for gravimetric and differential thermal analyses, respectively; both were connected to a 3600 data station.
The specific surface area of the original and activated samples was determined by the corresponding nitrogen adsorption isotherms at 77 K, obtained from a Micromeritics ASAP 2000 analyzer, after outgassing the samples at 110~ for 8 hours, with a residual pressure of 10 -5 mm Hg. The B.E.T. method was used for the corresponding calculations. The relative error in these measurements is about 5%. The morphologic analyses were carried out on a Zeiss DSM 940 scanning electron microscope on samples coated with Au and a Zeiss EM 902 transmission electron microscope on samples dispersed in water and deposited on a grid.
RESULTS AND DISCUSSION
As indicated, the < 2 ~m fraction of griffithite used in this work was obtained from Griffith Park rock and was dark brown in color. In this paper, this fraction is referred to as natural saponite, in order to differentiate it from activated solids. The purity and crystallinity of this sample are high, as can be seen in the corresponding X-ray diffractogram given in Figure la . The assignment of the diffraction peaks is very similar to that made by Suquet et al (1975) when considering Kozfikov saponite (Figure 1 a) . The cation exchange capacity (CEC) of this silicate was observed to be of 104 meq/ 100 g of calcinated clay.
Chemical analyses
The percent composition of this sample, equilibrated over 50% wt. H2SO4 was: SiO2:. 44.02; A1203: 7.35; Fe203: 13.38; MgO: 12.45; TiO2: 0.28; MnO: 0.48; CaO: 3.68; Na20: 0.70; K20:0.09 and loss by ignition: 17.1 wt.%. As the amount of impurities is very low, given by the exchangeable cations. The charge of the layer is higher than the value of -0.60 usually assumed for trioctahedral ferromagnesian smectites; in the mineralogical formula of this mineral referred by Ross (1960) , the interlayer charge was 0.61. The fact that the octahedral sheet has, in the formula we have obtained, a negative charge and, consequently, increases the interlayer charge likens this sample to the ferrous saponite from Mont M6gantic (Kodama et al 1988) rather than to the griffithite referred to by Ross. This high charge suggests that the sample would be a vermiculite or a ferrous stevensite, instead of a ferrous saponite. The name of ferrous saponite-griffithite is maintained because the sample of this deposit has been always known to be a saponite (Newman and Brown 1987; Ross 1960) . The amounts of the cations of the solid that are dissolved in each acid treatment are given in Table 1 . As observed, Ca(II), present in the solid as an extralattice exchangeable cation, is immediately dissolved in a high percentage (about 85%), and the same behaviour is observed with 22% of the total small amount of K(I). The quantities of Ca(II), Na(I) and K(I) that remain are probably due to the presence in the solids of a very small amount of the feldspars observed in the basaltic rock. In the structural cations, Mg(II) undergoes the faster dissolution process, while the dis- Suquet et al (1991) found an almost complete removal of AI(III) and Mg(II) cations when treating Llano vermiculite with 2.0 mol.liter -~ HCI solutions at 80"C for two hours. All these results confirm that the attackability of these silicates under acid leaching depends both on their structure and chemical composition.
X-ray diffraction
The X-ray diffractograms of the series treated with 1.25% HC1 are given in Figure 1 , in which the natural saponite is included for comparative purposes. When the time of treatment was increased, the crystallinity of the samples decreased, as can be qualitatively seen in the main peak corresponding to the (001) reflection of the silicate at about 15.0/~, which became broader and less intense as the time of treatment progressed. This loss ofcrystallinity was evaluated using the f.w.h.m. index (Table 2) , which increases as acid treatment progressed. During the treatment there was an increase in the quantity of free silica in the samples, as shown by the appearance and increase of the broad characteristic band of this compound situated between 20 < 20 < 30 ~ At the same time, the intensity of the (001) reflection decreases, and the peaks corresponding to other reflections and to impurities are better observed. In the series treated with more concentrated HC1, the loss ofcrystallinity and the appearance of amorphous silica was Similar to the above-mentioned series. With increasing acid concentrations, the time required to produce the observed effects decreased.
As indicated before, the removal of Mg(II) cations is easier than Fe(III), which is corroborated by the decrease of the ratio Mg/Fe in the resulting solids (i.e., 1.46 in the sample treated with 1.25% HC1 for 24 hours). This suggests that Fe(III) cations remain in the octahedral sheet of the clay "supporting" its structure. Even when almost all the Mg(II) cations have been removed, an important percentage of Fe(III) continues in the solids. Only in the samples treated with 2.5% HC1 for 6, 24 or 48 hours, when more than 80% of Fe(III) cations have been removed, did the structure of saponite appear to be destroyed.
Thermal analyses
In order to obtain more information about the acid activation process of saponite, an exhaustive thermal study was carried out. The DTA and TGA curves obtained both for natural saponite and for the series treated with 0.62% HC1 are given in Figure 2 . The behaviour of the natural saponite agrees with that reported by Mackenzie (1970) for this silicate. There is an initial weight loss between 30 and 200~ due to the interlayer water departure, observed as a strong endothermal peak centered at 1450C and with a small shoulder at 220~ in the DTA curve; the weight loss in this process is about 11%. After this, the weight loss continues in a very gentle slope in the TGA curve, and an endothermic effect at 830~ due to the dehydroxylation of the sample is observed in the DTA curve, followed by an exothermic effect due to the crystallization of oxidesl The weight-loss phenomena in the TGA curves corresponds to a total weight loss (from 30 to 900~ of 15% of the initial weight of the sample. The last endothermal effect, attributable to phase change by loss of hydroxyl groups, is observed at higher temperatures in other saponites: 882~ in Krugersdorp (South Africa); 858~ in Allt Ribein (Scotland); and 8570C in Cornwall (England) varieties, but in a Grosslattengrun (Germany) sample the endothermic effect is found at 818~ All these samples are magnesic saponites referred to by Mackenzie (1970) . The relatively low temperature of the dehydroxylation peak in griffithite is due to its ferrous composition and to the presence of vacancies in its octahedral sheet. It is well known that the temperature of dehydroxylation of clays increases from vacancies to Fe, to A1 and to Mg composition.
When most of the saponite is transformed in hydrated silica having the structure of the natural parent mineral, two phenomena can be observed in the thermal curves: a) a broad and intense peak at 130~ corresponding to the dehydration of silica and b) dehydroxylation and later crystallization of the original remaining structure at 815~ The lower dehydroxylation temperature of the treated samples compared with that of the natural one, shows that the structure of the clay has been weakened by the acid leaching (Figure 2e) .
The residual compounds obtained by calcination at 1000~ were identified by XRD as enstatite and hematite. Mackenzie (1970) indicates that MgSiO3, clinoenstatite is formed by calcination of saponite, just as occurs in other magnesic silicates such as sepiolite. Fe203, hematite must be due to the ferrous composition of this saponite. The diffractogram obtained for the calcination product is also very similar to that of FeSiO:fayalite. Although the presence of Fe(II) is unlikely after heating the sample in air atmosphere at 1000~ this similarity is probably due to crystal isomorphisms.
The total weight loss in the acid activated samples increased when acid treatments were more intense, reaching a maximum value of 18%. This behaviour is due to the delamination and disaggregation of particles in the weakly attacked samples as well as to the for- Figure 3b . FT-IR spectra of natural saponite and samples treated with 2,5% HCi for 6 and 48 hours bottom to top.
mation of hydrated silica in the more intensely treated ones.
IR spectroscopy
The study of the acid activated solids by FT-IR spectroscopy confirms the presence of silica in them when the saponite structure is being destroyed. The spectra of natural saponite and of samples treated with 1.25 and 2,5% HC1 are shown in Figures 3a and 3b , respectively, The bands due to the hydroxyl groups bonded to metallic cations (3624 cm -~) and to the different types of water existing in the original solid (3441 cm-~) decreased in intensity and finally disappeared. In the most activated solids a single band at 3430-3420 cm -~ was observed. The band at 1636 cm -~, due to the bending vibration mode of water, was maintained but decreased in intensity after the treatment. As indicated in the thermal analyses, hydroxyl groups are coordinated to Mg(II) and Fe(III) cations and disappear from the solids when these cations migrate to the solution, causing the aforementioned changes in the spectra, as well as the disappearance of the bands due to the stretching vibration mode of Mg-OH at 680 cm -~ and Mg-O at 443 cm -~. However, the band situated at 584 cm -~, and assigned to Fe-O bonds, is maintained, elthough with a very low intensity, even in the samples treated the most.
Likewise, the band situated between 1200 and 1000 cm-~ changes in form as the acid treatment is in progress, from the characteristic form of tetrahedral sheet in the natural saponite to that of silica tetrahedra in the activated solids. As the characteristic bands of the original silicate disappeared, bands at 1200--1000, 795 and 470 cm -~ appeared. These three bands are characteristic of silica and the shape of the one at 1200-1000 cm -~ is, as indicated, different than the characteristic of the original saponite at the same wave number. The same trends are observed in all the series and the formation of silica is faster when the concentration of the acid used in the treatments increases, as has been shown by other techniques.
Electron microscopy
Electron microscopy was used to observe the morphologic changes produced in the solids during the acid treatment. When the TEM technique is used, saponite appears as isometric and ribbon-shaped particles, as indicated by Suquet et al (1975) when describing the Kozfikov saponite. Important differences are observed after acid treatment when SEM technique is used. As the treatment progresses, the disaggregation of particles on the surface of the silicate can be observed, which suggests important changes in the porosity of the solids.
Free silica content
Since all the data point to the existence of silica in the solids, a digestion treatment was carried out with a 5% Na/CO3 boiling solution (Ross and Hendricks 1945) . The free silica digested was measured spectrophotometrically at 810 nm, after the formation of a reduced silicomolybdic complex. The results from this determination are given in Table 3 . As can be seen, the free silica increased with the concentration of the acid and with the time of attack, reaching about 20% in the most strongly attacked samples. Perhaps higher values would be expected, but the fact that only the free silica, not the total content of silica, is measured in this determination should be taken into account.
When the saponite was only slightly attacked by the acid treatment, the solids obtained after silica digestion showed X-ray diffractograms very similar to that of the natural sample. However, if the acid treatment was more intensive (2.5% HC1, 24 and 48 hours), the diffractograms obtained after silica digestion showed, with more intensity, the peaks corresponding to insoluble impurities, such as quartz and feldspars. FT-IR studies disclosed the same kind ofbehaviour: the characteristic bands of saponite appeared when the acid treatment was weak, although complex and unclear spectra, with bands of quartz and feldspars, were obtained when the acid treatment was stronger.
Surface area measurements
Adsorption isotherms of N: at 77 K were obtained in order to calculate the surface area of the different solids resulting after acid activation. All of these isotherms are similar to type II of the BDDT classification (Gregg and Sing 1982) . The specific surface areas of the solids were calculated from the isotherms, using the B.E.T. method. The results obtained are given in Table 3 and in Figure 4 . The first value corresponds to natural saponite: 35 m2/g, similar to that usually found in other saponites. The value of S increases continuously with the time of treatment and with the acid concentration. Several samples were seen to have values of S up to 250 m2/ g, reaching a maximum value of 367 m2/g, when treating with 2.5% (0.68 mol.liter -~) HC1 for 48 hours, the most intense treatment considered. Figure 4 suggests that the surface area could be increased even more by using more concentrated HC1 solutions and/or extending the time of treatment. Suquet (personal communication) found an increase in BET surface area when treating Llano vermiculite, from 4 m2/g in the natural sample to 79 m2/g in the sample treated with 0.50 mol. liter-~ HC1 and 277 m2/g when 1.0 tool.liter -~ HC1 was employed. The treatment conditions are the same used by Suquet et al (1991) and described above. On the other hand, when treating Na-Gador montmorillonite with 0.17 and 0.34 mol.liter -~ HC1 for 48 hours, an increase of only 10 m2/g (10%) has been observed in its surface area, attributable to impurities and exchange cation removal (Vicente Rodriguez 1994) . These data agree with the destruction and the maintenance, respectively, of the structure of these silicates deduced from the values of cation removal, and confirm their different behaviour when treated with acid solutions.
In silica-less samples (Table 3) , the value of S decreases in comparison with samples before digestion, thus confirming that silica makes a very important contribution to the total amount of the surface area. The decrease in S was greater in the samples which had been more strongly attacked during the acid treatment and, consequently, had more free silica. Only in the sample of natural saponite did the value of S in-crease when free silica was extracted, because the extraction method implies a transformation from the original Ca-saponite to Na-saponite when boiling with Na2CO3 solution. The layers are more delaminated in the Na-than in the Ca-saponite which, together with the possible fracturing of particles during the extraction treatment, explains the increase observed in the value of S.
CONCLUSION
Mild acid attack (2.5 % = 0.68 mol-liter -1 HC1, 25~ 48 hours) is enough to remove most of the octahedral cations in the Griffith Park ferrous saponite (griffithite). Non-crystalline hydrated silica is obtained after the attack. The surface area in the resulting solids is considerably higher in the activated samples than in the natural saponite, being multiplied tenfold by the acid treatment. The porosity of the samples may be improved and, therefore, the solids obtained will have important potential uses.
